Abstract: This paper focuses on the combustion performance of various blends of biodiesel fuels and diesel fuel from lean to rich mixtures. The biodiesel blend fuel combustion experiments were carried out using a liquid fuel burner and biodiesel fuel made from various plant oil feedstocks, including jatropha, palm and coconut oils. The results show that jatropha oil methyl ester blend 25 (JOME B25) and coconut oil methyl ester blend 25 (COME B25) blended at 25% by volume in diesel fuel produced lower carbon monoxide (CO) and unburned hydrocarbon (UHC) emissions due to more complete combustion. Overall, JOME B25 had the highest CO emission reduction, at about 42.25%, followed by COME B25 at 26.44% emission reduction relative to pure diesel fuel. By contrast, the palm oil methyl ester blend 25 (POME B25) showed a 48.44% increase in these emissions. The results showed that the nitrogen oxides (NO x ) emissions were slightly higher for all biodiesel blend fuels compared with pure diesel fuel combustion. In case of sulphur dioxide (SO 2 ) and UHC emissions, all biodiesel blends fuels have significantly reduced emissions. In the case of SO 2 emission, the POME B25, JOME B25 and COME B25 emissions were reduced 14.62%, 14.45% and 21.39%, respectively, relative to SO 2 emission from combusting pure diesel fuel. UHC emissions of POME B25, JOME B25 and COME B25 showed 51%, 71% and 70% reductions, respectively, compared to diesel fuel. The conclusion from the results is that all the biodiesel blend fuels are suitable and can be recommended for use in liquid fuel burners in order to get better and 'greener' environmental outcomes.
Introduction
Nowadays, the primary concern all over the world is to become more environmentally 'green', with very low production of pollution. The new technology developments in s, propulsion or transportation have to focus on advances for achieving reduced formation of pollutants such as nitrogen oxides (NO x ), carbon monoxide (CO), carbon dioxide (CO 2 ), sulfur dioxide (SO 2 ), unburned hydrocarbon (UHC) and soot. An industrial burner is a common technology used in many industries. Currently, the performance of this equipment is enhanced in many ways, including by use of a swirler to improve the combustion droplet uniformity, using biofuels as a way to get lower emissions, and good characteristics such as NO x emissions reduction, due to the use of swirl burners in heavy-oil industrial applications [22] . Sáez et al. [23] operated an oil burner with a dual pumping and injection system to test liquid butane and diesel fuel under different pressures ranging from 0.8 to 2.0 MPa. The burner was designed to spray the liquid fuel that would then combust in the combustion chamber. It found that the NO x emission of combusted liquid butane is lower than that of diesel fuel. In another parameter looked at in the study, the swirling flow is recognized in gas turbines engine or burner combustion as improving the emission characteristics. Feyz et al. [24] investigated the effect of flames with swirling flow. They found the flame stability is sensitive to the change of swirl number.
Ghorbani et al. [25] studied the combustion of biodiesel blends in different volume percentages of B5, B10, B20, B50, B80 and B100 with diesel fuel, examining how the boiler is influenced by airflow. Biodiesel and its blends, except for B10, emitted less CO, SO 2 and CO 2 pollutants compared to diesel. The study found that B10 emitted less CO 2 and SO 2 . The combustion of biodiesel and their blends showed higher NO x at the first level of energy input. Thus, the NO x results indicated a reduced emission at the second energy level input. Jatropha oil methyl ester (JOME) was blended with diesel fuel to become B15 and B25 and tested for combustion emission parameters using a gas turbine engine. The emission results showed that B15 and B25 have lower CO and UHC emissions while the NO x emissions were higher than from combustion of pure diesel fuel [21] . In recent years, many studies have shown that biodiesel and its blends offer good levels of emissions of pollutants such as CO, SO, UHC, soot, and aromatics, and contain no SO 2 , even though emissions were not improved for NO x yet [26, 27] . Hashimoto et al. [28] studied the combustion characteristics of palm oil methyl ester (POME) in gas turbines at atmospheric pressure using high-temperature air (673K). It was found that POME gave similar results as diesel fuel, but there were indications that increasing the excess air ratio reduced NO x emissions. Methyl esters of used palm oil were produced and blended with different volume proportions to give B25, B50 and B75 blends. The results obtained presented lower CO emissions than diesel fuel, but the combustion of these methyl esters blends produced higher NO x emissions [29] . Özcanli et al. [30] was studied castor oil biodiesel blends with volumetric ratios of B5, B10, B25, B50 and B100. The results showed that B25 gives better combustion performances in diesel engines. A few researchers agree that combustion efficiency can be enhanced by using biodiesel fuel because the molecular structure of biodiesel results in a higher oxygen content of the fuel, compared with diesel [31, 32] .
The properties of biodiesel are the most important characteristics for defining the combustion products. Biodiesel fuel properties are characterized by physicochemical properties including density (kg/m 3 ), viscosity (mm 2 /s) cetane number, calorific value (MJ/kg), acid value (mg KOH/g-oil), pour point ( • C), cloud point ( • C), flash point ( • C), saponification value and iodine value. The physical and chemical properties of each biodiesel depend on the type of feedstock and its fatty acids composition, based on ASTM 6751-3 and EN14214. Table 1 shows the variation in properties of biodiesels produced from different feedstock vegetable oils. These physicochemical properties of biodiesel will impact on the combustion products produced or emitted. The interest in this study was to evaluate the emissions characteristics of jatropha oil methyl ester (JOME 25), palm oil methyl ester (POME B25) and coconut oil methyl ester (COME B25) compared with diesel fuel emissions. The advantages of potential use of biodiesel blend fuels in liquid fuel burners can thus be determined and assessed from this study.
Material and Methods

Materials and Chemicals
Each vegetable oil was put through the common procedure of homogeneous catalyzed transesterification process, specifically the process of alkaline-catalyzed transesterification, being the cheapest method [39] . Transesterification is the one of the main methods that has been used in many studies due to its low cost and because it is easy to perform [40, 41] . Commonly this method uses potassium hydroxide (KOH) or sodium hydroxide (NaOH) as a catalyst because these are easily soluble in the alcohols used. As shown in Figure 1 , the transesterification method involves a reaction between the triglyceride and the alcohol in the presence of the catalyst to produce alkyl esters and glycerin as products. However, this method is only efficient if the amount of FFA in the oil does not exceed 1% by weight. Conversely, if the percentage of FFAs exceeds 1% by weight, an additional step of the biodiesel production process must be performed which is known as the esterification process. As reviewed in many studies, vegetable oils may contain high FFA percentages and should be esterified before going through transesterification [42] . The esterification process is done as the necessary step to reduce the amount of FFA in the oil to 1% or below by weight. Normally, esterification involves a chemical reaction between the oil and an alcohol plus a catalyst (either an acid or alkaline catalyst) to form the alkyl ester as the product [43] . Acid-catalyst esterification is one of most the efficient and economic processes proven to reduce the percentage of FFA in the oil. When necessary, this additional step can be performed in order to produce the corresponding fatty acid alkyl ester. Many studies have attempted to use a two stage process of acid-catalyst esterification and alkaline-catalyst transesterification to complete the process of biodiesel production. The presence of catalyst is necessary in both methods to increase the reaction rate and the yield of biodiesel [39] .
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The interest in this study was to evaluate the emissions characteristics of jatropha oil methyl ester (JOME 25), palm oil methyl ester (POME B25) and coconut oil methyl ester (COME B25) compared with diesel fuel emissions. The advantages of potential use of biodiesel blend fuels in liquid fuel burners can thus be determined and assessed from this study.
Material and Methods
Materials and Chemicals
Each vegetable oil was put through the common procedure of homogeneous catalyzed transesterification process, specifically the process of alkaline-catalyzed transesterification, being the cheapest method [39] . Transesterification is the one of the main methods that has been used in many studies due to its low cost and because it is easy to perform [40, 41] . Commonly this method uses potassium hydroxide (KOH) or sodium hydroxide (NaOH) as a catalyst because these are easily soluble in the alcohols used. As shown in Figure 1 , the transesterification method involves a reaction between the triglyceride and the alcohol in the presence of the catalyst to produce alkyl esters and glycerin as products. However, this method is only efficient if the amount of FFA in the oil does not exceed 1% by weight. Conversely, if the percentage of FFAs exceeds 1% by weight, an additional step of the biodiesel production process must be performed which is known as the esterification process. As reviewed in many studies, vegetable oils may contain high FFA percentages and should be esterified before going through transesterification [42] . The esterification process is done as the necessary step to reduce the amount of FFA in the oil to 1% or below by weight. Normally, esterification involves a chemical reaction between the oil and an alcohol plus a catalyst (either an acid or alkaline catalyst) to form the alkyl ester as the product [43] . Acid-catalyst esterification is one of most the efficient and economic processes proven to reduce the percentage of FFA in the oil. When necessary, this additional step can be performed in order to produce the corresponding fatty acid alkyl ester. Many studies have attempted to use a two stage process of acid-catalyst esterification and alkaline-catalyst transesterification to complete the process of biodiesel production. The presence of catalyst is necessary in both methods to increase the reaction rate and the yield of biodiesel [39] . The three different forms of vegetable oil used to produce biodiesel in this work were oil from Jatropha curcas, refined palm oil and refined coconut oils. Jatropha oil is categorized as a non-edible oil, and the material used for this research was obtained from Bionass Sdn Bhd (Kuala Lumpur, Malaysia). This oil required use of the esterification process due to the high long-chain fatty acid value of the triglyceride, while the refined palm and coconut oil (classified as edible-oils) were only put through the homogeneous transesterification process, which is where the triglyceride reacts with an alcohol in presence of a catalyst, producing a mixture of fatty acids alkyl esters and glycerol. Both the esterification and transesterification process used analytical grade methanol, sulfuric acid (H2SO4) and potassium hydroxide (KOH). KOH was used in this transesterification method due to its low cost. The transesterification reaction process to produce biodiesel must be performed with certain molecular ratios of alcohols and catalyst [32] . The commonly used transesterification method The three different forms of vegetable oil used to produce biodiesel in this work were oil from Jatropha curcas, refined palm oil and refined coconut oils. Jatropha oil is categorized as a non-edible oil, and the material used for this research was obtained from Bionass Sdn Bhd (Kuala Lumpur, Malaysia). This oil required use of the esterification process due to the high long-chain fatty acid value of the triglyceride, while the refined palm and coconut oil (classified as edible-oils) were only put through the homogeneous transesterification process, which is where the triglyceride reacts with an alcohol in presence of a catalyst, producing a mixture of fatty acids alkyl esters and glycerol. Both the esterification and transesterification process used analytical grade methanol, sulfuric acid (H 2 SO 4 ) and potassium hydroxide (KOH). KOH was used in this transesterification method due to its low cost. The transesterification reaction process to produce biodiesel must be performed with certain molecular ratios of alcohols and catalyst [32] . The commonly used transesterification method produces fatty acid methyl esters by using alcohols (either methanol or ethanol) and provides a biodiesel product with a significant reduction in viscosity compared with the feedstock oil [44] . This reaction process is completed with a lower amount of the catalyst used (whether it is acid catalyst or alkaline catalyst) [45] .
Biodiesel Production Procedures
The first stage of the production of biodiesel from jatropha oil involved the esterification process using methanol and H 2 SO 4 at 12:1 molar ratio. Jatropha curcas oil (300 mL) was heated in a three-neck flask (500 mL) to 60 • C. Then a 12:1 molar ratio (50% v/v of oil) of methanol was measured and added into the pre-heated oil, followed by 1% (w/w oil) of H 2 SO 4 . This process was conducted for 3 h at 60 • C with use of a thermometer, mechanical stirrer at 400 rpm stirring speed and a reflux condenser to condense the methanol escaping from the reaction mixture. After the esterification process was completed, the reaction oil was poured into a separatory funnel for 2 h to separate the oil from the excess alcohol and H 2 SO 4 . The lower layers of oil were put into a three-neck flask and subsequent testing showed that the acid value was less than 3 mg KOH/g oil.
After the esterification process, the most common method used to produce biodiesel is a homogeneous transesterification process. The triglyceride was reacted with 25% (v/v oil) of methanol (or 6:1 molar ratio) and 1% (m/m oil) catalyst of KOH at 60 • C. The triglyceride, alcohols and the catalyst of KOH were reacted in the same equipment used in the previous process under reflux for 2 h and 400 rpm stirring speed. Then the products were poured into a separatory funnel over up to 12 h to separate the biodiesel and the glycerol. The bottom layer containing the glycerol and impurities was drawn off.
The methyl esters formed in the transesterification reaction were put through a post-treatment consisting of washing with warm (50 • C) distilled water five times to remove the excess alcohol, catalyst and residual glycerol. The ratio of distilled water to methyl ester used was 2:1. The process was continued with heating to 110 • C and stirring of the methyl ester in the beaker to drive out the moisture and any remaining methanol. The fatty acid methyl ester (FAME) was filtered at room temperature using a funnel and filter paper, and then stored in a bottle. Finally, the FAME was blended with the diesel fuel at 25% by volume and named as B25 for each feedstock which was used to produce each fatty acid methyl ester (FAME). They were organized by the different FAME names: palm oil methyl ester (POME B25), coconut oil methyl ester (COME B25) and jatropha oil methyl ester (JOME B25). The biodiesel fuels were mixed with diesel fuel using a mixer. These mixed fuels were stirred in the mixer until their specific gravity achieved homogeneity. Then the specific gravity (SG) was checked for each fuel blend to ensure the mixing had been identical. 
Experimental Work
The combustion of biodiesel fuels was set up using the combustion rig and gas analyzer. The rig was built up with the fuel line system, airflow system, igniter, nozzle, axial swirler, combustion chamber and gas analyzer system as shown in Figure 2 . Initially, the experiment was carried out to evaluate the S N effect with three different S N of 0.463, 0.630 and 0.895. Then, the study was continued with the various biodiesel blend feedstocks using the appropriate S N . The fuel flow rate was fixed for each case as measured and as appropriate with the nozzle used. The fuels were sprayed through the nozzle at a consistent pressure of 15.5 bars. The air mass flow rate was controlled by the starter box and the flow meter used to measure equivalence ratios from lean to rich mixture region. In this study, the equivalence ratio was set up from 0.6 up to 1.3 and emissions data were measured. When the burner was switched on, the air mass flow rate was reached at the point needed as displayed on the flow meter, and combustion occurred horizontally inside the combustion chamber. Then the data of emissions and temperature was recorded.
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The combustion of biodiesel fuels was set up using the combustion rig and gas analyzer. The rig was built up with the fuel line system, airflow system, igniter, nozzle, axial swirler, combustion chamber and gas analyzer system as shown in Figure 2 . Initially, the experiment was carried out to evaluate the SN effect with three different SN of 0.463, 0.630 and 0.895. Then, the study was continued with the various biodiesel blend feedstocks using the appropriate SN. The fuel flow rate was fixed for each case as measured and as appropriate with the nozzle used. The fuels were sprayed through the nozzle at a consistent pressure of 15.5 bars. The air mass flow rate was controlled by the starter box and the flow meter used to measure equivalence ratios from lean to rich mixture region. In this study, the equivalence ratio was set up from 0.6 up to 1.3 and emissions data were measured. When the burner was switched on, the air mass flow rate was reached at the point needed as displayed on the flow meter, and combustion occurred horizontally inside the combustion chamber. Then the data of emissions and temperature was recorded. This analyzing system of combustion products used the ENDA-5000 series stack-gas analyzer system by Horiba (Kyoto, Japan). The system accurately measured the NOx, SO2, CO, CO2 and O2 of the dry flue gases in real time. The exhaust temperature measurement was carried out at the end of chamber using thermocouple attached to the data logger. The specifications of the gas analyzer are listed in Table 3 . are the concentration corrected to 16% O2 of species i (ppm), the measured concentration of species i in the exhaust gas (ppm) and the measured concentration of O2 in the exhausted gas (%), respectively [45] . This analyzing system of combustion products used the ENDA-5000 series stack-gas analyzer system by Horiba (Kyoto, Japan). The system accurately measured the NO x , SO 2 , CO, CO 2 and O 2 of the dry flue gases in real time. The exhaust temperature measurement was carried out at the end of chamber using thermocouple attached to the data logger. The specifications of the gas analyzer are listed in Table 3 . Table 3 . Technical characteristics of the ENDA-5000 series gas analyzer.
Parameter
Measuring Range Measurement Method NO x 200-5000 ppm NDIR SO 2 200-5000 ppm NDIR CO 200-5000 ppm NDIR CO 2 5-25 vol% NDIR O 2 10-25 vol% Magneto-pneumatic detection
In this study, NO x , CO, SO 2 and UHC emissions were evaluated with their volumetric concentration in the exhaust gas corrected to 16% O 2 . The corrected concentration was calculated by the following equation:
where X 16%O 2 i ; X measured,i and X m,O 2 are the concentration corrected to 16% O 2 of species i (ppm), the measured concentration of species i in the exhaust gas (ppm) and the measured concentration of O 2 in the exhausted gas (%), respectively [45] .
An axial swirler was attached inside the burner rig. The swirler was used to produce a swirling flow and generate better mixing of air and fuel to promote complete combustion. The swirler generates a swirling flow and the swirl number depends on the swirl angle of the vanes used. The swirl number (S N ) which is used here is defined by Chigier and Beer [46] :
where:
and:
where U, W and ρ are the axial velocity, tangential velocity and density respectively. For the axial swirler, the swirl number is related to the swirl angle, θ, inner r i and outer radius r 0 as given by [47] where the swirl number was proportional to tan θ [48] :
This experiment was carried out to investigate the effect on emission gases of three different types of biodiesel blends fuel: POME B25, JOME B25 and COME B25. The experiment was devised to define the effect of swirler number when using diesel fuel as a medium for combustion. Then, the experiment was continued with all three types of biodiesel blends fuel and diesel fuel which have been combusted and the observations on their emissions of NO x , CO, SO 2 and UHC gases. Subsequently, the exhaust temperatures of all biodiesel blends combustion were considered in order to observe their relation to NO x emissions.
Results and Discussion
A liquid fuel burner was designed to evaluate biodiesel blend combustion performance and emissions formation. In order to get better emissions reduction, an axial swirler has been attached and utilized with the system. The experiment tests were performed in an atmospheric pressure combustion set-up. With respect to swirl angle, this parameter has the potential to produce different effects on atmospheric pollutant emissions. There were three different angles of swirl used in the liquid fuel burner to observe which swirl angle is suitable for further study on biodiesel fuel. The swirl numbers are calculated as S N = 0.436, S N = 0.630 and S N = 0.895, corresponding to 30 • , 40 • and 50 • swirl angles, respectively. The air is supplied from a blower that axially conducts air to the swirler at the entrance of the combustion chamber. The airflow rate was varied to pass air through the swirler that showed its influence on emissions. Thus, it is shown that using a swirler does help in mixing air and fuel prior to ignition and leads to more complete combustion. The fuel supply using the nozzle was fixed in the constant mass flow rate. In this entire experimental work, the emissions from the lean to rich mixture combustion were studied.
Diesel fuel was used to evaluate the effect of S N on the combustion characteristics, and specifically on emissions formation. Figure 3 CO emissions decreased from the lean to rich mixtures, while they increased for SN = 0.895 after they reached stoichiometric values. The larger the SN, the lower was the CO emission result until the equivalence ratio, ϕ = 1.0. Then, CO slightly increased towards rich region of combustion. The SN of 0.895 improved the CO emissions because the largest swirl angle was gives a higher tangential velocity and this is associated with changes in the structure of the center recirculation zone (CRZ). In this case, a larger SN promotes better air-fuel mixing that leads to more complete combustion. Thus, the CO emission is improved overall during the combustion. The SN values of 0.630 and 0.436 corresponding to swirl angles of 40° and 30° have higher CO values, but as observed in Figure 4 , the trends of CO emissions were reduced towards the stoichiometric region. In the stoichiometric region, all swirl angles produced approximately the same CO emissions values. In the stoichiometric region, the CO formation of SN = 0.895 was higher by dissociation of a higher flame temperature. CO is formed owing to the lack of sufficient oxygen to complete the CO2 formation reaction of [49] . CO emissions decreased from the lean to rich mixtures, while they increased for S N = 0.895 after they reached stoichiometric values. The larger the S N , the lower was the CO emission result until the equivalence ratio, ϕ = 1.0. Then, CO slightly increased towards rich region of combustion. The S N of 0.895 improved the CO emissions because the largest swirl angle was gives a higher tangential velocity and this is associated with changes in the structure of the center recirculation zone (CRZ). In this case, a larger S N promotes better air-fuel mixing that leads to more complete combustion. Thus, the CO emission is improved overall during the combustion. The S N values of 0.630 and 0.436 corresponding to swirl angles of 40 • and 30 • have higher CO values, but as observed in Figure 4 , the trends of CO emissions were reduced towards the stoichiometric region. In the stoichiometric region, all swirl angles produced approximately the same CO emissions values. In the stoichiometric region, the CO formation of S N = 0.895 was higher by dissociation of a higher flame temperature. CO is formed owing to the lack of sufficient oxygen to complete the CO 2 formation reaction of [49] . CO emissions decreased from the lean to rich mixtures, while they increased for SN = 0.895 after they reached stoichiometric values. The larger the SN, the lower was the CO emission result until the equivalence ratio, ϕ = 1.0. Then, CO slightly increased towards rich region of combustion. The SN of 0.895 improved the CO emissions because the largest swirl angle was gives a higher tangential velocity and this is associated with changes in the structure of the center recirculation zone (CRZ). In this case, a larger SN promotes better air-fuel mixing that leads to more complete combustion. Thus, the CO emission is improved overall during the combustion. The SN values of 0.630 and 0.436 corresponding to swirl angles of 40° and 30° have higher CO values, but as observed in Figure 4 , the trends of CO emissions were reduced towards the stoichiometric region. In the stoichiometric region, all swirl angles produced approximately the same CO emissions values. In the stoichiometric region, the CO formation of SN = 0.895 was higher by dissociation of a higher flame temperature. CO is formed owing to the lack of sufficient oxygen to complete the CO2 formation reaction of [49] . Figure 5 shows the measurement of CO 2 emissions from the exhaust flue gases for each case. Higher concentrations of CO are shown to reduce CO 2 formation. For S N = 0.895, the emission of CO 2 was higher than that of CO 2 for S N of 0.630 and for 0.436, which is more favorable to the environment. This CO conversion into CO 2 is accelerated to produce less CO in the flue gases. Overall, the CO 2 emissions were increased from the equivalence ratio of 0.60 towards the equivalence ratio of 1.20.
Energies 2016, 9, 659 9 of 18 Figure 5 shows the measurement of CO2 emissions from the exhaust flue gases for each case. Higher concentrations of CO are shown to reduce CO2 formation. For SN = 0.895, the emission of CO2 was higher than that of CO2 for SN of 0.630 and for 0.436, which is more favorable to the environment. This CO conversion into CO2 is accelerated to produce less CO in the flue gases. Overall, the CO2 emissions were increased from the equivalence ratio of 0.60 towards the equivalence ratio of 1.20. Lower SN promotes the production of more sulfur at the leaner settings and a reduction is seen toward the stoichiometric state as it approaches the rich combustion mixture. In a contrary trend to this, for the SN of 0.630 and 0.895, the SO2 formations are slightly increased and remained constant when a stoichiometric state was achieved, as shown in Figure 6 . Overall, the highest SN had the lowest sulfur emission level.
In respect of UHC levels, a higher figure for SN is essential for reducing UHC emissions because it provides better reagent mixing inside the chamber. Figure 7 shows that the SN of 0.895 has the lowest UHC emission from lean to rich mixtures and produced zero UHC when a stoichiometric state of combustion was reached. This swirl angle has good mixing of air-fuel that leads to complete combustion. SN of 0.630 has higher UHC than SN of 0.895, while SN of 0.436 has the highest of all swirl angles. From the overall results above, it was found that the highest SN of 0.895, representing a swirl angle of 50°, results in better emissions, which are suitable for applying to biodiesel application in a liquid fuel burner.
In the initial state, it was observed that there were no significant changes in the spray characteristics for all blends of biodiesel fuels and diesel fuel. The spray and ignition of POME B25, JOME B25 and COME B25 blends performed as well as diesel fuel. Combustion of all liquid fuels occurs when the fuel mixes with air and combusts in the chamber. This combustion produces the emission products at the end of the system, which is otherwise known as the exhaust system. The combustion products that are produced depend on the types of fuels, whether from fossil fuels or biofuels. Lower S N promotes the production of more sulfur at the leaner settings and a reduction is seen toward the stoichiometric state as it approaches the rich combustion mixture. In a contrary trend to this, for the S N of 0.630 and 0.895, the SO 2 formations are slightly increased and remained constant when a stoichiometric state was achieved, as shown in Figure 6 . Overall, the highest S N had the lowest sulfur emission level.
In respect of UHC levels, a higher figure for S N is essential for reducing UHC emissions because it provides better reagent mixing inside the chamber. Figure 7 shows that the S N of 0.895 has the lowest UHC emission from lean to rich mixtures and produced zero UHC when a stoichiometric state of combustion was reached. This swirl angle has good mixing of air-fuel that leads to complete combustion. S N of 0.630 has higher UHC than S N of 0.895, while S N of 0.436 has the highest of all swirl angles. From the overall results above, it was found that the highest S N of 0.895, representing a swirl angle of 50 • , results in better emissions, which are suitable for applying to biodiesel application in a liquid fuel burner.
In the initial state, it was observed that there were no significant changes in the spray characteristics for all blends of biodiesel fuels and diesel fuel. The spray and ignition of POME B25, JOME B25 and COME B25 blends performed as well as diesel fuel. Combustion of all liquid fuels occurs when the fuel mixes with air and combusts in the chamber. This combustion produces the emission products at the end of the system, which is otherwise known as the exhaust system. The combustion products that are produced depend on the types of fuels, whether from fossil fuels or biofuels. This study focuses on the need to use biodiesel blend fuels to meet the 'green' environmental criteria. In this study various percentages of biodiesel fuels were blended with diesel fuel to determine the optimum biodiesel percentages. The emissions of NOx, CO, SO2, and UHC of each feedstock biodiesel blend were evaluated and compared with the emissions obtained with combustion of pure diesel fuel. In this section, the term B25 represents as 25% of volume of biodiesel mixed with 75% of diesel fuel. The emission of each biodiesel fuel blend was studied in combustion of lean to rich mixtures using the liquid fuel burner. Three different types of biodiesel, produced from jatropha, palm and coconut oil were prepared in blends with pure diesel using similar volume percentages. There are denoted as JOME B25, POME B25 and COME B25, respectively, where the numerical value denotes the biodiesel percentage in the blends.
The NOx emissions attributed to the stoichiometric region for JOME B25, POME B25, COME B25 and diesel fuel are 64 ppm, 60 ppm, 59 ppm, and 56 ppm respectively, as shown in Figure 8 . As shown in this figure, JOME B25, POME B25, and COME B25 give 14%, 7% and 5% higher NOx than diesel fuel, respectively. As shown in Figure 8 , the NOx emissions of JOME B25 blend fuel are higher compared to the other fuels. At the early lean state of combustion, the NOx emissions have their This study focuses on the need to use biodiesel blend fuels to meet the 'green' environmental criteria. In this study various percentages of biodiesel fuels were blended with diesel fuel to determine the optimum biodiesel percentages. The emissions of NOx, CO, SO2, and UHC of each feedstock biodiesel blend were evaluated and compared with the emissions obtained with combustion of pure diesel fuel. In this section, the term B25 represents as 25% of volume of biodiesel mixed with 75% of diesel fuel. The emission of each biodiesel fuel blend was studied in combustion of lean to rich mixtures using the liquid fuel burner. Three different types of biodiesel, produced from jatropha, palm and coconut oil were prepared in blends with pure diesel using similar volume percentages. There are denoted as JOME B25, POME B25 and COME B25, respectively, where the numerical value denotes the biodiesel percentage in the blends.
The NOx emissions attributed to the stoichiometric region for JOME B25, POME B25, COME B25 and diesel fuel are 64 ppm, 60 ppm, 59 ppm, and 56 ppm respectively, as shown in Figure 8 . As shown in this figure, JOME B25, POME B25, and COME B25 give 14%, 7% and 5% higher NOx than diesel fuel, respectively. As shown in Figure 8 , the NOx emissions of JOME B25 blend fuel are higher compared to the other fuels. At the early lean state of combustion, the NOx emissions have their This study focuses on the need to use biodiesel blend fuels to meet the 'green' environmental criteria. In this study various percentages of biodiesel fuels were blended with diesel fuel to determine the optimum biodiesel percentages. The emissions of NO x , CO, SO 2 , and UHC of each feedstock biodiesel blend were evaluated and compared with the emissions obtained with combustion of pure diesel fuel. In this section, the term B25 represents as 25% of volume of biodiesel mixed with 75% of diesel fuel. The emission of each biodiesel fuel blend was studied in combustion of lean to rich mixtures using the liquid fuel burner. Three different types of biodiesel, produced from jatropha, palm and coconut oil were prepared in blends with pure diesel using similar volume percentages. There are denoted as JOME B25, POME B25 and COME B25, respectively, where the numerical value denotes the biodiesel percentage in the blends.
The NO x emissions attributed to the stoichiometric region for JOME B25, POME B25, COME B25 and diesel fuel are 64 ppm, 60 ppm, 59 ppm, and 56 ppm respectively, as shown in Figure 8 .
As shown in this figure, JOME B25, POME B25, and COME B25 give 14%, 7% and 5% higher NO x than diesel fuel, respectively. As shown in Figure 8 , the NO x emissions of JOME B25 blend fuel are higher compared to the other fuels. At the early lean state of combustion, the NO x emissions have their lowest values and keep increasing at certain points. The results are presented in similar trends except for POME B25 blend. Overall, biodiesel blend fuels give higher NO x emissions due to the higher temperature in the combustion zone inside the chamber. Moreover, higher combustion temperatures were observed, which were assumed to be caused by complete combustion due to the higher oxygen content in biodiesel fuel compared to diesel fuel [14, 35] .
Energies 2016, 9, 659 11 of 18 lowest values and keep increasing at certain points. The results are presented in similar trends except for POME B25 blend. Overall, biodiesel blend fuels give higher NOx emissions due to the higher temperature in the combustion zone inside the chamber. Moreover, higher combustion temperatures were observed, which were assumed to be caused by complete combustion due to the higher oxygen content in biodiesel fuel compared to diesel fuel [14, 35] . Figure 9 shows the trend of CO emissions of each blend and diesel fuel, which are approximately the same from lean up to a stoichiometric state of combustion, except for POME B25 blend fuel. As seen in this graph, the CO emissions for JOME B25 and COME B25 are lower than for diesel fuel over the whole range of combustion regions. Conversely, the CO emission of POME B25 blend fuels has the highest value compared to diesel fuel but slightly lower in the stoichiometric region range of. Overall, the lowest values of CO emissions were observed in the stoichiometric region. The results show that a better combustion quality was correlated with lower CO emissions, and this happened with the highest fraction of biodiesel being blended with diesel fuel. JOME B25 shows much lower CO emissions than diesel fuel and other biodiesel blends, as shown in Figure 9 . There are certain factors that affect CO emissions such as air-fuel ratio, engine speed, injection timing, atomization rate and fuel type [37, 49] . As reported by Kalam et al. [50] , C5 and P5 combustion reduced CO emissions 7.3% and 21% compared to diesel fuel, even though C5 has the lowest viscosity. It found that P5 has lower CO emissions due to the effect of the high unsaturated fatty acids in palm oil. Mofijur et al. [37] found that PB10 and MB10 which have higher viscosity produced lower CO levels. It was also observed that this happened in the stoichiometric region of combustion for all biodiesel blends. As the O2 concentration in the fuel blends is enhanced with higher biodiesel percentage in the blends, more complete combustion occurs, even though POME B25 was shown as not performing as well as other biodiesel blends. Figure 9 shows the trend of CO emissions of each blend and diesel fuel, which are approximately the same from lean up to a stoichiometric state of combustion, except for POME B25 blend fuel. As seen in this graph, the CO emissions for JOME B25 and COME B25 are lower than for diesel fuel over the whole range of combustion regions. Conversely, the CO emission of POME B25 blend fuels has the highest value compared to diesel fuel but slightly lower in the stoichiometric region range of. Overall, the lowest values of CO emissions were observed in the stoichiometric region. The results show that a better combustion quality was correlated with lower CO emissions, and this happened with the highest fraction of biodiesel being blended with diesel fuel. JOME B25 shows much lower CO emissions than diesel fuel and other biodiesel blends, as shown in Figure 9 . There are certain factors that affect CO emissions such as air-fuel ratio, engine speed, injection timing, atomization rate and fuel type [37, 49] . As reported by Kalam et al. [50] , C5 and P5 combustion reduced CO emissions 7.3% and 21% compared to diesel fuel, even though C5 has the lowest viscosity. It found that P5 has lower CO emissions due to the effect of the high unsaturated fatty acids in palm oil. Mofijur et al. [37] found that PB10 and MB10 which have higher viscosity produced lower CO levels. It was also observed that this happened in the stoichiometric region of combustion for all biodiesel blends. As the O 2 concentration in the fuel blends is enhanced with higher biodiesel percentage in the blends, more complete combustion occurs, even though POME B25 was shown as not performing as well as other biodiesel blends. Figure 10 shows the SO2 emission content in flue gases from the combustion of biodiesel blends and diesel fuels. As observed, SO2 emissions increase from lean to rich mixtures and have a similar trend for each biodiesel blend fuel. However, the diesel fuel emits higher SO2 emissions than biodiesel blend fuels due to lower sulfur content in biodiesel fuels and their lower pollution output properties. Normally, the SO2 emissions emitted from the biodiesel fuel are raised due to the sulfur content that is affected by the esterification process using H2SO4. Figure 11 presents the CO2 emissions from combustion of biodiesel blends and diesel fuel. CO2 emissions in biodiesel fuels were attributed to the O2 which reacts with unburned carbon atoms during combustion and increases the formation of CO2. The higher level of CO2 emissions indicate the complete combustion and reduction of the CO level. Overall, biodiesel blend combustion produces higher CO2 levels than does combustion of diesel fuel, but the COME B25 blend combustion shows lower CO2 in the early lean region. This may be due to incomplete combustion. At an equivalence ratio of 0.9, the CO2 emission of COME B25 blend increased to become higher than the diesel fuel CO2 emissions. Figure 10 shows the SO 2 emission content in flue gases from the combustion of biodiesel blends and diesel fuels. As observed, SO 2 emissions increase from lean to rich mixtures and have a similar trend for each biodiesel blend fuel. However, the diesel fuel emits higher SO 2 emissions than biodiesel blend fuels due to lower sulfur content in biodiesel fuels and their lower pollution output properties. Normally, the SO 2 emissions emitted from the biodiesel fuel are raised due to the sulfur content that is affected by the esterification process using H 2 SO 4 . Figure 10 shows the SO2 emission content in flue gases from the combustion of biodiesel blends and diesel fuels. As observed, SO2 emissions increase from lean to rich mixtures and have a similar trend for each biodiesel blend fuel. However, the diesel fuel emits higher SO2 emissions than biodiesel blend fuels due to lower sulfur content in biodiesel fuels and their lower pollution output properties. Normally, the SO2 emissions emitted from the biodiesel fuel are raised due to the sulfur content that is affected by the esterification process using H2SO4. Figure 11 presents the CO2 emissions from combustion of biodiesel blends and diesel fuel. CO2 emissions in biodiesel fuels were attributed to the O2 which reacts with unburned carbon atoms during combustion and increases the formation of CO2. The higher level of CO2 emissions indicate the complete combustion and reduction of the CO level. Overall, biodiesel blend combustion produces higher CO2 levels than does combustion of diesel fuel, but the COME B25 blend combustion shows lower CO2 in the early lean region. This may be due to incomplete combustion. At an equivalence ratio of 0.9, the CO2 emission of COME B25 blend increased to become higher than the diesel fuel CO2 emissions. Figure 11 presents the CO 2 emissions from combustion of biodiesel blends and diesel fuel. CO 2 emissions in biodiesel fuels were attributed to the O 2 which reacts with unburned carbon atoms during combustion and increases the formation of CO 2 . The higher level of CO 2 emissions indicate the complete combustion and reduction of the CO level. Overall, biodiesel blend combustion produces higher CO 2 levels than does combustion of diesel fuel, but the COME B25 blend combustion shows lower CO 2 in the early lean region. This may be due to incomplete combustion. At an equivalence ratio of 0.9, the CO 2 emission of COME B25 blend increased to become higher than the diesel fuel CO 2 emissions. Energies 2016, 9, 659 13 of 18 Figure 11 . Emissions of CO2 for various biodiesel blend fuels. Figure 12 presents UHC emissions for all fuels and it shows that biodiesel blends give lower figures than found for diesel fuel. POME B25 combustion shows a falling UHC emission to 0 at ϕ of 0.8 to 1.1. The lower UHC emissions are related to the O2 content of the biodiesel fuel which can help biodiesel combustion. Exhaust temperature is an important parameter that influences the combustion temperature in the chamber, and this relates to NOx emissions. Normally, the exhaust temperature for biodiesel combustion will be high. As is shown in Figure 13 , the exhaust temperatures of biodiesel blends are higher than that of diesel fuel. The exhaust temperature for JOME B25 blend and COME B25 blend combustion were respectively 5% and 4% more on average compared to that for diesel fuel combustion. In the lean state of combustion, POME B25 blend had a slightly higher temperature of about 5% more on average, and this dropped drastically after an equivalence ratio of 0.8. This condition happened due to inappropriate mixing of the air and fuel, due to the large droplet size which could not adequately mix with air to enable a complete burn. Figure 12 presents UHC emissions for all fuels and it shows that biodiesel blends give lower figures than found for diesel fuel. POME B25 combustion shows a falling UHC emission to 0 at ϕ of 0.8 to 1.1. The lower UHC emissions are related to the O 2 content of the biodiesel fuel which can help biodiesel combustion. Exhaust temperature is an important parameter that influences the combustion temperature in the chamber, and this relates to NO x emissions. Normally, the exhaust temperature for biodiesel combustion will be high. As is shown in Figure 13 , the exhaust temperatures of biodiesel blends are higher than that of diesel fuel. The exhaust temperature for JOME B25 blend and COME B25 blend combustion were respectively 5% and 4% more on average compared to that for diesel fuel combustion. In the lean state of combustion, POME B25 blend had a slightly higher temperature of about 5% more on average, and this dropped drastically after an equivalence ratio of 0.8. This condition happened due to inappropriate mixing of the air and fuel, due to the large droplet size which could not adequately mix with air to enable a complete burn. Figure 12 presents UHC emissions for all fuels and it shows that biodiesel blends give lower figures than found for diesel fuel. POME B25 combustion shows a falling UHC emission to 0 at ϕ of 0.8 to 1.1. The lower UHC emissions are related to the O2 content of the biodiesel fuel which can help biodiesel combustion. Exhaust temperature is an important parameter that influences the combustion temperature in the chamber, and this relates to NOx emissions. Normally, the exhaust temperature for biodiesel combustion will be high. As is shown in Figure 13 , the exhaust temperatures of biodiesel blends are higher than that of diesel fuel. The exhaust temperature for JOME B25 blend and COME B25 blend combustion were respectively 5% and 4% more on average compared to that for diesel fuel combustion. In the lean state of combustion, POME B25 blend had a slightly higher temperature of about 5% more on average, and this dropped drastically after an equivalence ratio of 0.8. This condition happened due to inappropriate mixing of the air and fuel, due to the large droplet size which could not adequately mix with air to enable a complete burn. Figure 14a-d show comparisons of the differences between biodiesel blend emissions compared to diesel fuel emissions. The graphs present NOx, CO, SO2 and UHC emissions for various biodiesel blends including JOME B25, POME B25 and COME B25. As mentioned earlier, the oxygen contents of the biodiesel cause a higher combustion temperature and the emission of more NOx. The biodiesel blend fuels contain more oxygen and this factor improves their combustion intensity. Figure 14a-d show comparisons of the differences between biodiesel blend emissions compared to diesel fuel emissions. The graphs present NO x , CO, SO 2 and UHC emissions for various biodiesel blends including JOME B25, POME B25 and COME B25. As mentioned earlier, the oxygen contents of the biodiesel cause a higher combustion temperature and the emission of more NO x . The biodiesel blend fuels contain more oxygen and this factor improves their combustion intensity. Figure 14a-d show comparisons of the differences between biodiesel blend emissions compared to diesel fuel emissions. The graphs present NOx, CO, SO2 and UHC emissions for various biodiesel blends including JOME B25, POME B25 and COME B25. As mentioned earlier, the oxygen contents of the biodiesel cause a higher combustion temperature and the emission of more NOx. The biodiesel blend fuels contain more oxygen and this factor improves their combustion intensity. In Figure 14a , JOME B25 blend has the highest differences of NO x emissions on average compared to diesel fuel. Consequently, POME B25 and COME B25 blends displayed higher NO x emissions than diesel fuel, with increases of 7.7% and 0.77%, respectively, due to their oxygen content. As expected, the CO emissions of biodiesel blends were reduced over the entire range of equivalence ratios except POME B25 which has an increased CO emission after reaching a stoichiometric state. On average, the CO emission of POME B25 was increased 48.44% relative to diesel fuel as shown in Figure 14b . This might be caused by poor atomization during combustion, which results in inappropriate mixing with the supplied airflow, resulting in incomplete combustion. CO emissions of JOME B25 and COME B25 were reduced 42.25% and 26.44% respectively. Overall, these results indicate that complete combustion was achieved by biodiesel blends.
In Figure 14c , the average of SO 2 emissions was improved by the decreasing of SO 2 level in biodiesel blends. In fact, the biodiesel fuel contains no sulfur or in some cases very low sulfur after production by the acid-catalyzed esterification process. On average, JOME B25 has the lowest improvement of reduction in CO emission because it went through the acid-catalyzed esterification process before the transesterification process. During combustion, JOME B25 produced more SO 2 that other biodiesel blends. JOME B25 produced the lowest UHC emission levels compared to diesel fuel, specifically in the stoichiometric to rich region of combustion as shown in Figure 14d . On average, JOME B25 showed a 71% reduction in UHC emissions relative to diesel fuel. This was followed by COME B25 and POME B25, where the UHC emissions were reduced 70% and 51%, respectively.
Conclusions
The experimental results obtained from different S N values of diesel combustion and combustion of biodiesel blends with higher swirling flow showed significant reductions in CO, SO 2 and UHC emissions. Higher S N resulted in reduced emissions levels due to higher recirculation in the combustion zones. Further areas of study assessed the combustion qualities and parameters of different types of biodiesel produced from jatropha, palm and coconut oil feedstocks. The CO emissions of POME B25 blend were reduced within a certain range of air fuel ratios and continued to increase towards the stoichiometric and rich combustion regions. Overall, NO x emissions for all types of biodiesel were increased due to the high oxygen content in biodiesel fuel and higher cetane number. Thus, the combustion of biodiesel blends results in higher temperatures during combustion. Biodiesel fuel contains a higher oxygen content which leads to prolonged and more complete combustion and which results in lower CO, SO 2 and UHC emissions. On average, all the emissions produced in flue gases have similar trends as diesel fuel using a liquid fuel burner. Therefore, blending the biodiesel fuel helps to significantly improve emissions, which means that biodiesel fuels should be considered as good alternative fuels in liquid fuel burner applications.
